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Collembola are abundant and functionally significant arthropods in sub-Antarctic terrestrial ecosystems, and their importance has
increased as a consequence of the many invasive alien species that have been introduced to the region. It has also been predicted that
current and future climate change will favour alien over indigenous species as a consequence of more favourable responses to warming in
the former. It is therefore surprising that little is known about the environmental physiology of sub-Antarctic springtails and that few
studies have explicitly tested the hypothesis that invasive species will outperform indigenous ones under warmer conditions. Here we
present thermal tolerance data on three invasive (Pogonognathellus flavescens, Isotomurus cf. palustris, Ceratophysella denticulata) and
two indigenous (Cryptopygus antarcticus, Tullbergia bisetosa) species of springtails from Marion Island, explicitly testing the idea that
consistent differences exist between the indigenous and invasive species both in their absolute limits and the ways in which they respond
to acclimation (at temperatures from 0 to 20 1C). Phenotypic plasticity is the first in a series of ways in which organisms might respond to
altered environments. Using a poorly explored, but highly appropriate technique, we demonstrate that in these species the crystallization
temperature (Tc) is equal to the lower lethal temperature. We also show that cooling rate (1 1Cmin
1; 0.1 1Cmin1; 0.5 1Ch1 from 5 to
1 1C followed by 0.1 1Cmin1) has little effect on Tc. The indigenous species typically have low Tcs (c. 20 to 13 1C depending on the
acclimation temperature), whilst those of the invasive species tend to be higher (c. 12 to 6 1C) at the lower acclimation temperatures.
However, Ceratophysella denticulata is an exception with a low Tc (c. 20 to18 1C), and in P. flavescens acclimation to 20 1C results in a
pronounced decline in Tc. In general, the invasive and alien species do not differ substantially in acclimation effects on Tc (with the
exception of the strong response in P. flavescens). Upper lethal temperatures (ULT50) are typically higher in the invasive (33–37 1C) than
in the indigenous (30–33 1C) species and the response to acclimation differs among the two groups. The indigenous species show either a
weak response to acclimation or ULT50 declines with increasing acclimation temperature, whereas in the invasive species ULT50
increases with acclimation temperature. These findings support the hypothesis that many invasive species will be favoured by climate
change (warming and drying) at Marion Island. Moreover, manipulative field experiments have shown abundance changes in the
indigenous and invasive springtail species in the direction predicted by the physiological data.
r 2006 Published by Elsevier Ltd.
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Springtails form an important component of the
Antarctic terrestrial arthropod fauna. Together with the
mites they are the only arthropods that occupy ice-free land
in the continental Antarctic and are absent from only a fewe front matter r 2006 Published by Elsevier Ltd.
sphys.2006.10.010
ing author. Tel.: +2721 808 2385; fax: +2721 808 2405.
ess: slchown@sun.ac.za (S.L. Chown).such areas (Wise, 1967; Block, 1984; Ryan and Watkins,
1989; Convey and McInnes, 2005; Sinclair et al., 2006).
Further north, despite the increase in diversity of true
insects (Chown et al., 1998; Chown and Convey, 2007),
springtails continue to play an important role in terrestrial
systems given their high diversity and exceptional abun-
dance (Block, 1982a; Sømme, 1986a; Usher and Booth,
1986; Greenslade, 1990; Convey et al., 1999, 2000).
Moreover, on the sub-Antarctic islands the richness of
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several, mostly European, springtail species, which can
reach exceptional abundances in lowland communities
(Convey et al., 1999; Gabriel et al., 2001; Frenot et al.,
2005). Indeed, it is suspected that these invasive species
may well have displaced indigenous ones on at least some
islands (e.g. Convey et al., 1999).
Given their importance in terrestrial systems the
continental and maritime Antarctic springtail fauna has
enjoyed considerable research attention, especially from
the perspective of their environmental physiology. One
species, the isotomid Cryptopygus antarcticus, has been
especially well investigated (e.g. Sømme, 1978; Sømme and
Block, 1982; Cannon, 1986; Harrisson et al., 1991;
Hayward et al., 2001; Worland and Convey, 2001), but
considerable attention has also been given to a variety of
other species (e.g. Sinclair and Sjursen, 2001; Sinclair et al.,
2003a, 2006). By contrast, the sub-Antarctic springtails
have been poorly investigated from this perspective.
Indeed, with the exception of three studies no investiga-
tions of the environmental physiology of springtails from
this region have been undertaken. These exceptions are a
thorough study of the factors affecting the freezing of
Tullbergia antarctica from the Kerguelen Islands (Worland,
2005), another of the effects of acclimation on haemo-
lymph osmolality and thermal hysteresis of one indigenous
and two introduced springtail species from Marion Island
(Sinclair and Chown, 2002), and a third of the influence of
moulting on freezing in an invasive species (Worland et al.,
2006).
This situation is remarkable for several reasons, of which
two are most significant. First, broad-scale ecological
studies have shown that the indigenous springtail species
on Marion Island are more abundant in cooler, high
altitude habitats whereas invasive species are more
abundant in warmer lowland ones (Gabriel et al., 2001),
and a similar distribution of indigenous and invasive
species seems to be characteristic of South Georgia
(Convey et al., 1999). Even on the small scale of individual
cushion plants occurring in fellfield, indigenous springtails
on Marion Island appear to prefer the cooler parts of the
cushions (Hugo et al., 2004). This suggests that the
indigenous springtails might be less tolerant of high
temperatures than the invasive species (either absolutely
or relatively), and vice versa for low temperatures. Second,
the climates of many of the sub-Antarctic islands are
warming and drying in step with global climate change
(Bergstrom and Chown, 1999). For example, at Marion
Island mean annual temperature has increased by more
than 1 1C and total annual precipitation has declined by
more than 500mm over the past 50 years, and the trend is
predicted to continue (Smith, 2002). In the context of the
ecological data on the springtails at the island this suggests
that in the future the indigenous species will be at a
disadvantage in comparison with the invasive ones. Recent
manipulative experiments have borne out this prediction
(McGeoch et al., 2006), which also matches an expectationexpressed more broadly in the literature that with global
climate change invasive species will be favoured at the
expense of indigenous ones (Dukes and Mooney, 1999;
Walther et al., 2002). If this is the case, then it might be
expected that invasive species should either show a broader
range of tolerances than indigenous species, or greater
tolerance of warm conditions (and in the sub-Antarctic
warm and dry conditions) than the latter, or a greater
extent of phenotypic plasticity (for discussion of these
issues for invasive species in general see Cannon, 1998;
Agrawal, 2001; Stachowicz et al., 2002; Daehler, 2003;
Duncan et al., 2003, and for the sub-Antarctic in particular
see Kennedy, 1995; Barendse and Chown, 2000; Chown
et al., 2002, Convey et al., 2006). However, these
expectations have only been explicitly tested for a few
species (see Stachowicz et al., 2002; Daehler, 2003; Lee
et al., 2003), none of which are sub-Antarctic springtails.
Therefore, in this study we test the hypotheses that
indigenous and invasive springtail species differ in their
absolute thermal tolerances and extents of acclimation (a
form of phenotypic plasticity, Chown and Nicolson, 2004).
We do so by comparing the crystallization temperatures
( ¼ supercooling points) and upper lethal temperatures of
three invasive and two indigenous springtail species from
Marion Island following their acclimation to four different
temperatures. Given that several studies have drawn
attention to the need to explicitly ascertain the likely
extent of pre-freeze mortality (e.g. Baust and Rojas, 1985;
Bale, 1987, 1993), we also determine the extent to which the
crystallization temperature reflects the lower lethal tem-
perature. To do so, we apply an existing (Nedvĕd et al.,
1998), but poorly explored method for assessing the extent
to which survival differs among different treatments by
assuming that the Tc is equal to the lower lethal
temperature, and then comparing this survival curve with
an actual survival curve obtained under similar experi-
mental conditions. We also examine the effects of cooling
rates on springtail lower lethal temperatures because
several previous studies have emphasized not only the
intrinsic differences in lower lethal temperatures that might
be associated with changes in cooling rate (Baust and
Rojas, 1985; Worland, 2005), but also the fact that natural
cooling rates differ substantially from those typically used
in laboratory studies (Sinclair, 2001).
2. Materials and methods
2.1. Study site, animals and acclimation
This work was undertaken on sub-Antarctic Marion
Island (461540S, 371450E), which has a cool, wet, windy
climate that has shown substantial change over the last 50
years, including an increase in mean annual temperature of
more than 1 1C, and a decline in precipitation of more than
500mm per annum (Smith, 2002). The island is home to 16
springtail species, of which five are introduced (Chown
et al., 2002). We investigated the five most commonly
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invasives Pogonognathellus flavescens Tullberg (Tomocer-
idae) (mean (7 SE) mass 2127.537104.49 mg), Isotomurus
cf. palustris Müller (Isotomidae) (hereafter I. palustris)
(564.65736.58 mg) and Ceratophysella denticulata Bagnall
(Hypogastruridae) (66.1974.99 mg); and the indigenous
species Cryptopygus antarcticus travei Déharveng (Isoto-
midae) (71.4874.76 mg) and Tullbergia bisetosa Börner
(Onychiuridae) (53.5773.73 mg). Cryptopygus antarcticus
travei is a species in its own right, distinct from Antarctic
populations of Cryptopygus antarcticus, though not yet
formally described as such (Stevens et al., 2006a).
Specimens were collected from the field (below
25ma.s.l.) with an aspirator and placed into 30ml plastic
vials with moist Plaster-of-Paris substrates and small
amounts of detritus as a food source and for shelter.
Animals were transported to the laboratory within five
hours of collection. They were sorted into batches in vials,
identical to those described above, for acclimation at either
0 1C (9L:15D photoperiod), 5 1C (9L:15D), 10 1C
(14L:10D) or 15 1C (14L:10D) in climate chambers
(accurate to 71 1C) for no less than 7 and no more than
10 days (see Hoffmann and Watson, 1993; Terblanche
et al., 2006 for rationale). Photoperiods were altered to
mimic winter and summer conditions. All vials included
detritus as a source of food and additional moisture. The
vials occupied little space on a single incubator shelf and
therefore shelf effects in the climate chambers are unlikely
to have had any influence on the temperature at which the
individuals were held. Moreover, the same, small areas in
the climate chambers were used for each species. Compar-
isons among species were also performed on field fresh
individuals, which were kept at ambient L:D cycles and
temperatures for no longer than ten days after collection.2.2. Crystallization temperatures and prefreeze mortality
Many studies have shown that crystallization tempera-
tures (Tc) alone are insufficient to characterize the cold
hardiness strategy of a given species because injury or
death might take place either before or after freezing
(reviewed in Chown and Nicolson, 2004). Pre-freeze
mortality is of special concern in species that are freeze
intolerant because the Tc gives no indication of the extent
of pre-freeze mortality owing to chilling injury (Bale, 1993).
Although it is generally accepted that for springtails the
temperature at which mortality is experienced (the lower
lethal temperature or LLT) is identical to the Tc (Sømme,
1982), this is not always the case, as is clear from
substantial pre-freeze mortality especially in summer-
acclimated individuals (e.g. van der Woude and Verhoef,
1986; Nedvĕd et al., 1998). Experiments were therefore
conducted to determine the extent of pre-freeze mortality,
i.e. whether the instantaneous LLT differed from the Tc of
each species, with the exception of P. flavescens (owing to
constraints of the equipment used).Springtails were acclimated at 15 1C for seven days, thus
ensuring that physiological states were similar in all
individuals. In the survival (LLT) experiments, batches of
10 springtails were placed in perforated Eppendorfs, which
in turn were placed into 10ml plastic tubes, each contain-
ing moist paper towel. This prevented specimens from
dehydrating at temperatures above zero, whilst eliminating
contact with moisture and therefore inoculative freezing at
subzero temperatures. Thirteen numbered tubes, each
containing 10 specimens, were submerged in a Grant
LTC 12 water bath, programmed to cool from 5 to 1 1C
at 0.5 1Ch1, and then from 1 to 251C at 0.1 1Cmin1.
A thermocouple (Type T, 40 gauge) was placed inside a
tube and connected to a handheld thermometer. Starting at
1 1C, one numbered tube containing 10 springtails was
removed from the water bath with every 2 1C decline in
temperature, as recorded by the thermocouple. After
removal from the water bath, each tube was placed in an
incubator set at 0 1C. Two hours after the last tube from
that experiment was placed in the incubator all tubes were
moved to a second incubator set to 5 1C. After 24 h at 5 1C
survival was scored. Individuals that showed no signs of
coordinated movement were classified as dead, while those
that moved in a coordinated fashion were classified as
alive. Survival scores ranging from 0% to 100% were
obtained using this method. Logistic regression was used to
determine the temperature at which 50% (LT50) of the
sample population died for each species. LT100 was taken
as the actual temperature at which the sample population
suffered 100% mortality.
If pre-freeze mortality does not occur in springtails, then
the Tc must represent the point of death. Based on this
assumption, a survival curve can be constructed by
converting the Tc of each animal in a sample population
to the proportion of the population that has died. The Tc
data can then be converted to survival data and compared
with survival experiments undertaken under either the
same conditions (as above) or under a different set of
conditions. This can be done either by comparison of the
logistic regression curves or using the Kaplan–Meier
product limit estimation technique (Hertzberg and Leinaas,
1998). The latter procedure was followed here by examin-
ing the Tcs of a sample of springtails cooled under the same
conditions using a Mettler-Toledo Differential Scanning
Calorimeter (DSC) 820 (Mettler-Toledo Ltd., Leicester,
UK) incorporating a mechanical intra-cooler (Lab-Plant
Ltd., Huddersfield, UK) capable of cooling to 60 1C.
Data were analysed using the STARe software package
(Mettler-Toledo). The system was calibrated with indium
(melting point 156.6 1C, enthalpy of 28.71 J g1) and
regularly checked by measuring the melting point of
0.5 ml drops of HPLC grade water. Owing to instrument
time constraints, repeated logistic regression curves were
not constructed using the DSC approach, and only a single
curve was available. Thus, the Kaplan–Meier method was
used to compare this curve to the summed data from the
water bath experiment described above, within each species
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Nonetheless, the two sets of logistic curves were also
inspected visually and these, together with the Kaplan–
Meier statistics are reported.
2.3. The effect of cooling rate on crystallization temperature
Given that the crystallization temperature is considered
an important parameter describing springtail cold hardi-
ness (Sømme, 1982; Cannon and Block, 1988, see also
Section 2.2), and because the effect of cooling rate on the
Tc is controversial (Salt, 1966; Cannon, 1983; Baust and
Rojas, 1985; Sinclair et al., 2003b; Worland, 2005), this
aspect of cold hardiness was also investigated. For these
trials, three cooling rates were employed using field fresh
springtails, as well as springtails acclimated to 5 1C and to
15 1C. Crystallization temperatures were measured using a
Mettler-Toledo Differential Scanning Calorimeter as
above. Springtails were hermetically sealed in 40 ml
aluminium pans and cooled at one of three cooling rates.
The first cooling rate protocol (labelled fast) was the
standard 1 1Cmin1 cooling rate (Chown and Nicolson,
2004), whereas the second protocol (labelled medium)
employed a slower cooling rate of 0.1 1Cmin1. For both
of these protocols, samples were cooled from 5 to 30 1C
at their respective cooling rates, following a 5min
equilibration period at 5 1C. In the third protocol (labelled
slow), however, a slower cooling approach, similar to that
used in assessments of rapid responses of the Tc to
changing temperature (Worland and Convey, 2001), was
used. Here, cooling commenced at 5 1C and the tempera-
ture was lowered to 1 1C at 0.5 1Ch1. From 1 to
30 1C a cooling rate of 0.1 1Cmin1 was employed.
Because the Tc is assumed to be equivalent to the LLT in
springtails, this protocol also enabled us to determine the
extent to which springtails rapidly cold harden (see Chown
and Nicolson, 2004). The lowest temperature recorded
prior to a freezing exotherm was taken as the Tc of that
individual in all instances. Sample sizes exceeded 20 in all
instances. Experiments performed in the DSC precluded
investigations of P. flavescens due to the large size of this
species. Crystallization temperatures following different
cooling rates were compared within species using general-
ized linear models (assuming a normal distribution of
errors and using identity link functions).
2.4. Responses of crystallization temperatures to
acclimation
The responses of Tc to acclimation were investigated in
all of the species with the exception of Ceratophysella
denticulata for which only two acclimation treatments were
available owing to incubator failure. Because the differ-
ential scanning calorimeter was available for a limited
period only, more conventional techniques for estimating
Tc were used for these experiments. The Tc of at least 20
individual specimens per species and treatment (0, 5, 15and 20 1C) were determined with Type T copper–constan-
tan thermocouples (40-gauge) connected to a Campbell
CR10 datalogger. Specimens (n ¼ 10) were placed in
vacutest vials (BD Vacutainer Systems, UK) and sub-
merged in a Grant LTC 12 water bath at 0 1C for those
animals acclimated at 0 1C, and 5 1C for field fresh animals
and those acclimated at 5, 15 and 20 1C, respectively. Water
bath temperature was lowered by 0.1 1Cmin1 after a
15min equilibration period at 0 or 5 1C. The lowest
temperature recorded prior to the onset of a freezing
exotherm was taken as the Tc for that individual. These
experiments were also conducted on field fresh individuals
for each of the species investigated to assess baseline (field)
supercooling ability. Because the Tc values were not
normally distributed (although they were not bimodal,
see, e.g. Fig. 1) the effects of species, acclimation treatment,
and their interaction were investigated using a generalized
linear model assuming a normal distribution of errors and
using a log link function. This model excluded Ceratophy-
sella denticulata. Where the effects of acclimation were
considered within species, separate models were built in
each case. In addition, Tcs from field fresh individuals of
each species were compared in a separate assessment using
a generalized linear model assuming a normal distribution
of errors and using an identity link function.
2.5. Upper lethal temperatures
To test the responses of upper lethal temperatures to
different acclimation temperatures (0, 5, 15 and, in two
species, 20 1C), mortality assays were conducted on spring-
tails exposed to different test temperatures. The 20 1C
treatments were not assessed for Cryptopygus antarcticus,
Tullbergia bisetosa and Ceratophysella denticulata because
mortality was typically high in these treatments, often
within less than two days in the indigenous species. For the
ULT experiments, batches of ten individuals were placed
into plastic tubes, containing moist filter paper to avoid the
confounding effects of desiccation (see Hoffmann et al.,
2003), which were submerged into Grant LTD20 or LTC12
water baths at the set temperatures for one hour. Tubes
were removed from the water bath, supplied with new
moist filter paper, and transferred to an incubator (at the
original acclimation temperature, except for field fresh
batches that were transferred to a 10 1C incubator).
Survival was scored after 24 h. Individuals that showed
coordinated movement were scored as alive, whereas those
that did not were scored as dead. Water bath temperature
was increased by 1 1C and the experiment repeated with
new individuals until the temperature range encompassed
5–95% survival. The procedure was replicated at least four
times, but generally five times at each experimental
temperature for the field fresh and each of the acclimation
temperatures for each species. Logistic regression was used
to determine the temperature at which 50% (LT50) of the
sample population died for each species and acclimation
temperature (0, 5, 15 and 20 1C). Only data sets for which
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comparison within treatments. The effect of species,
acclimation, and the species by acclimation interaction on
LT50 was investigated using a general linear model with
data from the 0, 5 and 15 1C acclimation treatments only.
Two further analyses of variance were used to investigate
the effects of the 20 1C treatment, relative to the others, in
P. flavescens and I. palustris.
3. Results
In field fresh individuals, I. palustris had a significantly
higher mean Tc than any other species in this study,
whereas the indigenous Tullbergia bisetosa displayed the

































Fig. 1. Frequency distribution of crystallization temperatures for Cryptopy
bimodality that is typical of this species in other, more southerly, locations.
Table 1
Summary statistics for crystallization temperatures (1C) of field-fresh springta
n Mean7S.E
Invasive
Pogonognathellus flavescens 31 12.071.0
Isotomurus palustris 24 8.271.2
Ceratophysella denticulata 46 14.370.9
Indigenous
Cryptopygus antarcticus 25 13.570.7
Tullbergia bisetosa 20 19.470.9
w2ð4Þ ¼ 43:93 po0:0001
Different letters for crystallization temperatures denote significantly different
means obtained from fitting a generalized model with normal errors and an idthe survival and Tc experiments, and the Kaplan–Meier
statistics used to compare LLT and LLT calculated from
Tc (Fig. 2) indicated an absence of pre-freeze mortality in
all of the species. Cooling rate typically also had no
significant effect on crystallization temperature (Table 2).
Where effects were found these tended to be idiosyncratic.
For example, in field fresh Ceratophysella denticulata Tc
increased with a more rapid cooling rate, in field fresh
Cryptopygus antarcticus Tc declined with more rapid
cooling, and in I. palustris acclimated to 15 1C a unimodal
response was found, with the lowest Tc at the intermediate
cooling rate.
In I. palustris and Tullbergia bisetosa Tc declined with
declining acclimation temperature, whereas the opposite








gus antarcticus travei individuals acclimated to 5 1C indicating lack of
ils
. Median Minimum Maximum
0ab 11.2 21.5 3.2
4a 5.2 24.4 3.5
3b 13.9 22.9 3.1
1b 13.0 22.6 8.8
0c 20.9 25.2 12.6
means based on the 95% confidence intervals of the weighted marginal
entity link function to the data.
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LT50  Tc = -6.7°C 
LLT = -6.4°C 
LT100 Tc = -11.0°C




Z = 0.62, p = 0.54 

















LT50  Tc = -21.0°C 
LLT = -20.8°C 
LT100 Tc = -26.5°C 
LLT = <-25°C
Z = -1.40, p = 0.16 
















LT50  Tc = -12.5°C 
LLT = -13.3°C 
LT100  Tc = -24.0°C 
LLT = -21.0°C 
Z = 1.26, p = 0.21 















LT50  Tc = -14.0°C 
LLT = -9.4°C 
LT100 Tc = -22.0°C
LLT = -21.0°C 
Z = -0.49, p = 0.62 
Fig. 2. Survival curves of Collembola acclimated at 15 1C calculated from actual survival and assuming that the crystallization temperature is equivalent
to the lower lethal temperature (survival from Tc). Curves were constructed using logistic regression statistics, but comparisons between curves were made
using the Kaplan–Meier statistic (Z), which is reported here together with its significance. The temperatures at which 50% (LT50) and 100% of the sample
(LT100) died, for both the survival (LLT) and crystallization temperature (Tc) trials, are also provided: (a) Isotomurus palustris; (b) Ceratophysella
denticulata; (c) Cryptopygus antarcticus travei; (d) Tullbergia bisetosa.
S. Slabber et al. / Journal of Insect Physiology 53 (2007) 113–125118magnitude of these changes was not large, ranging from 4
to 6 1C. Crystallization temperatures were unaffected by
acclimation treatment in Ceratophysella denticulata (sepa-
rate model, w2 ¼ 2:54, p40:05) and Cryptopygus antarc-
ticus (Fig. 3). Although interspecific differences in Tcs were
not always apparent in this experiment at the higher
acclimation temperatures, at the lower acclimation tem-
peratures significant differences in Tc were clear. With the
exception of Ceratophysella denticulata, the invasive species
had higher Tcs than the indigenous ones.
By contrast, the invasive alien springtail species had
higher upper lethal temperatures than the indigenous
species (Table 4 and Fig. 4), and the alien Ceratophysella
denticulata had a significantly higher ULT50 than all of the
other species. The responses to acclimation also differed
between the species, so accounting for the significantinteraction term in the model (Table 4). Typically, the
invasive alien species showed a substantial increase in
ULT50 with increasing acclimation temperature (see also
Fig. 5), whereas in the indigenous Tullbergia bisetosa the
effect was smaller, and in Cryptopygus antarcticus precisely
the opposite effect was found (Fig. 4).
4. Discussion
Twenty years ago, two papers (Baust and Rojas, 1985;
Bale, 1987) led to dramatic changes in the field of insect
cold hardiness. In particular, these papers emphasized that
cooling rates might substantially alter estimates of lower
lethal temperatures, that pre-freeze mortality is likely to be
important in many freezing intolerant species, and that
cold hardiness strategies cannot be fully comprehended
ARTICLE IN PRESS
Table 2
Summary statistics of the effect of cooling rate (fast medium and slow rates) on crystallization temperature (1C7SE) for unacclimated (field fresh (FF))
springtails, and those acclimated at 5 and 15 1C
Species Rate n Mean7S.E.
Invasive
Isotomurus palustris
FF Fast 28 9.170.71 w2(2) ¼ 2.88
Medium 32 7.970.41 p40:05
Slow 20 7.870.83
5 1C Fast 43 5.970.55 w2(2) ¼ 0.77
Medium 40 5.370.68 p40:05
Slow 25 6.170.72
15 1C Fast 46 6.370.53 w2(2) ¼ 14.29
Medium 42 4.470.32 po0:05
Slow 20 7.570.92
Ceratophysella denticulata
FF Fast 40 10.870.95 w2(2) ¼ 12.99
Medium 46 14.370.93 po0:05
Slow 24 16.171.10
5 1C Fast 49 17.070.96 w2(2) ¼ 2.83
Medium 58 17.770.78 p40:05
Slow 31 19.370.95
15 1C Fast 65 20.770.53 w2(2) ¼ 3.78




FF Fast 86 15.770.47 w2(2) ¼ 10.40
Medium 53 13.070.75 po0:05
Slow 22 13.071.56
5 1C Fast 44 13.370.87 w2(2) ¼ 0.12
Medium 50 12.970.90 p40:05
Slow 29 13.171.30
15 1C Fast 41 11.671.07 w2(2) ¼ 1.30
Medium 43 10.871.10 p40:05
Slow 24 12.971.42
Tullbergia bisetosa
FF Fast 37 14.470.78 w2(2) ¼ 2.64
Medium 41 12.470.88 p40:05
Slow 25 13.571.10
5 1C Fast 48 14.870.65 w2(2) ¼ 5.72
Medium 52 14.070.76 p40:05
Slow 30 16.971.13
15 1C Fast 45 15.270.87 w2(2) ¼ 0.93
Medium 50 15.570.87 p40:05
Slow 29 14.171.20
Generalized linear models assuming a normal distribution of errors and using identity link functions were fitted to the data.
S. Slabber et al. / Journal of Insect Physiology 53 (2007) 113–125 119without an understanding of their environmental context.
These caveats have borne substantial fruit. It is now widely
appreciated that a variety of responses to low temperature
exists in arthropods (Bale, 2002; Sinclair et al., 2003b;
Sinclair and Chown, 2005a), and that these responses can
vary over surprisingly short time-scales (Kelty and Lee,
2001; Worland and Convey, 2001). Similarly, the signifi-
cance of determining the likelihood and extent of chilling
injury during investigations of cold hardiness is nowbroadly acknowledged (see Chown and Nicolson, 2004
for review).
In this study, the likelihood of chilling injury over the
short term, i.e. instantaneous pre-freeze mortality, was
investigated explicitly using a technique that directly
compares the actual survival curve with one estimated by
assuming that individuals die at, but not before, the point
at which they freeze (Tc). In the absence of pre-freeze
mortality the two curves should be identical, whereas if
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Fig. 3. Interspecific differences in the effect of acclimation on the
crystallization temperature (mean795% confidence intervals) for all five
springtail species examined here: Invasive: P. flavescens (J), I. palustris
(&), Ceratophysella denticulata (n); Indigenous: Cryptopygus antarcticus
travei (’), Tullbergia bisetosa (K). Note that means are shifted along the
x-axis for each temperature so that the confidence intervals can be
distinguished for each species and treatment.
Table 4
Outcome of a general linear model investigating the effect of species and
acclimation treatment, and their interaction, on the upper temperature at
which 50% of the sample of springtails survived
Effect Sums of squares df F p
Intercept 81458.8 1 598471 0.00001
Species 248.2 4 455.9 0.00001
Acclimation 4.2 2 15.5 0.00001
SpeciesAcclimation 32.4 8 29.8 0.00001
Error 59
Note the significant interaction term.
Table 3
Outcome of a generalized linear model (assuming normal errors and using
an identity link function) investigating the effect of species and acclimation
treatment, and their interaction on the crystallization temperature
( ¼ lower lethal temperature in these species)
Effect w2 df p
Species 150.91 3 0.00001
Acclimation 6.3 2 0.043
SpeciesAcclimation 15.3 6 0.018
Deviance/df 5515/234 ¼ 23.6
This model does not include Ceratophysella denticulata, for which data at





















Fig. 4. Interspecific differences in the effect of acclimation on the upper
temperature at which 50% of the sample of animals survived (ULT50)
(mean795% confidence intervals) for all five springtail species examined
here: Invasive: P. flavescens (J), I. palustris (&), Ceratophysella
denticulata (n); Indigenous: Cryptopygus antarcticus travei (’), Tullbergia
bisetosa (K). Note that means are shifted along the x-axis for each
temperature so that the confidence intervals can be distinguished for each
species and treatment.
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a form very different to that of the survival curve estimated
from the Tc. In the species examined here the curves were
not statistically distinguishable based on the analytical
techniques we used. Therefore, it is clear that, over the
short term, the crystallization temperature (or supercoolingpoint) represents the lower lethal temperature. The absence
of pre-freeze mortality in these four springtail species bears
out previous findings that, in general, the Tc represents the
lower lethal temperature in springtails (Sømme, 1982;
Cannon and Block, 1988; Sinclair and Sjursen, 2001;
Sinclair et al., 2006). Moreover, given that the trials were
undertaken following acclimation of individuals to 15 1C
(i.e. summer-like conditions) the results contrast strongly
with those for other species where summer-acclimated
individuals show substantial chilling injury (e.g. Nedvĕd
et al., 1998). The reasons for these differences is not clear,
but the limited response of Tc to acclimation, at least over a
0–15 1C acclimation temperature range in the species
examined here, suggests that the species tend to retain
their cold hardiness over the range of temperatures
typically encountered in the field (see below and Deere
et al., 2006 for microclimate data). Small changes in cold
hardiness in the face of different acclimation temperatures
are typical of some (e.g. Slabber and Chown, 2005; Deere
et al., 2006), but not all (Klok and Chown, 1998; Slabber
and Chown, 2004) arthropods on Marion Island.
The absence of short-term pre-freeze mortality does not
mean that over longer periods chilling injury or the risk of
death owing to freezing might not be significant. Indeed,
given that many studies have documented an increase in
chilling injury with time at low temperature (see Bale 1987,
2002), and given the metastable nature of the supercooled
state (Sømme, 1999; Ramløv, 2000), mortality at subzero
temperatures higher than the Tc might be expected over
longer experimental durations than those used here. Whilst
we did not examine the extent to which such mortality
might have been realized, the logistic-regression techniques
could readily be used to do so (see also Nedvĕd et al.,
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F(3,16) = 134.6, p<0.0001
















F(3,16) = 18.92, p<0.0001
Fig. 5. The effect of acclimation on the upper temperature at which 50%
of the sample of animals survived (ULT 50) (mean795% confidence
intervals) following acclimation at 0, 5, 15 and 20 1C in (a) Pogonog-
nathellus flavescens and (b) Isotomurus palustris.
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from holding animals at different times at a given low
temperature, with survival curves derived from the Tc
might provide substantial insight into the time course of
chilling injury relative to freezing injury. Records of body
temperatures during long-term survival experiments could
provide similar comparative data on the significance of
chilling vs. freezing injury (see Bale, 1987), which would be
amenable to such analysis too. Nonetheless, given the short
duration of low sub-zero temperatures at Marion Island
(Chown and Crafford, 1992; Sinclair and Chown, 2005b)
we do not think prolonged low temperature exposure to be
especially likely in this environment.
In the species studied here, crystallization temperature,
and therefore lower lethal temperature, varied little with
cooling rate (which varied from 1 1Cmin1 to less than
0.1 1Cmin1). Where differences in Tc among cooling
treatments were significant, the differences themselves weretypically small. The exception was Ceratophysella denticu-
lata, but for field fresh individuals the data may have been
biased by differences in moulting state of the animals (see
Worland et al., 2006). These results differ from those found
for other springtail species (Cannon, 1983; Worland, 2005)
where rate of cooling has a marked effect on Tc. Moreover,
they also differ from the only other study that has adopted
the slow cooling approach (i.e. biphasic cooling) used here.
Worland and Convey (2001) found that in Cryptopygus
antarcticus from the Antarctic Peninsula very slow cooling
(0.5 1Ch1 from +5 to 5 1C) followed by a standard
cooling rate of 1 1Cmin1 substantially lowered Tc by
comparison with individuals cooled at 1 1Cmin1. Whether
crystallization temperature would have been more sub-
stantially affected by either much faster or much slower
cooling rates is difficult to determine. However, given that
Worland (2005) found a steep unimodal relationship
between cooling rate and Tc in Tullbergia antarctica from
the Kerguelen Islands, and that Sinclair (2001) has
emphasized the importance of considering very slow
cooling rates, this possibility deserves further investigation.
Having established that Tcs and lower lethal tempera-
tures are equivalent, at least over the short-term, and that
they are insensitive to the range of experimental conditions
adopted here, the question remains as to whether these Tcs
bare any relation to the environmental temperatures likely
to be encountered by the species on Marion Island. In this
context, much of the literature has rightly been concerned
with discussion of long-term survival of low temperatures
(Bale, 1987; Leather et al., 1993; Sømme, 1999). However,
it is also clear that, as far as selection is concerned, short-
term extreme events are of considerable significance
(Gaines and Denny, 1993; Chown and Terblanche, 2007).
Indeed, it is such short-term extreme events that are likely
to determine the composition of the population in terms of
its absolute physiological tolerances over the longer term
(see also Sinclair, 2001). Therefore, understanding the
environmental relevance of a particular lower (or upper)
lethal temperature requires understanding not only of long-
term mean conditions, but, perhaps more significantly, also
of short-term extremes. To this end, we examined the
monthly absolute minimum temperatures recorded (using
Thermochron ibuttons, Dallas Semi-Conductors Model
DS1921) just below the soil surface at 200m intervals from
sea-level to 800m on Marion Island over the period May
2002–April 2004 (see Slabber and Chown, 2005; Deere
et al., 2006 for additional detail on the microclimate data).
It is clear that the mean (or median, Table 1 and Fig. 3) Tcs
are unlikely to be exceeded in most environments (Table 5)
in the indigenous species, although this might be the case
for the invasive species I. palustris and P. flavescens either
at very high altitudes, where low temperature reach their
most extreme values, or altitudes where snow cover is
typically absent but temperatures may still be low (200m).
That the Tcs of the indigenous species reflect the
microhabitat temperatures they encounter is also indicated
by comparisons of data from these species with those from
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Table 5
Microhabitat temperatures (1C) of nine terrestrial sites (0–800ma.s.l.) for two years at Marion Island
Year Mean Abs. min Abs. max Mean min Mean max Range
0m 2002 5.3 0.5 22.5 3.8 7.1 22.0
2003 7.0 1.0 22.0 5.1 8.6 21.0
100m 2002 5.2 0.0 16.0 3.1 7.7 16.0
2003 5.7 0.5 17.5 3.7 8.1 17.0
200m 2002 4.4 5.0 18.5 2.2 7.0 23.5
2003 5.2 6.0 19.0 3.5 6.6 25.0
300m 2002 4.1 0.0 15.0 2.4 6.1 15.0
2003 4.2 1.0 15.5 2.4 6.3 16.5
400m 2002 2.8 1.0 13.0 1.8 5.7 14.0
2003 3.1 0.5 12.5 1.9 6.0 13.0
500m 2002 3.5 0.0 24.0 1.8 6.1 24.0
2003 3.6 6.5 30.0 1.6 6.4 36.5
600m 2002 2.5 0.0 11.5 1.8 4.1 11.5
2003 2.7 0.5 13.0 1.9 5.0 13.5
700m 2002 2.5 7.0 17.5 0.5 4.8 24.5
2003 3.0 1.5 22.5 1.4 5.2 24.0
800m 2002 1.5 12.0 23.0 0.3 3.6 35.0
2003 1.8 4.5 19.5 0.3 3.6 24.0
Mean, mean minimum (Mean min) and mean maximum (Mean max), absolute minimum (Abs min) and absolute maximum (Abs max) temperatures, and
temperature range are given for each site for each year. Terrestrial data were collected using Thermochron ibutton loggers (Dallas Semiconductors, Model
DS 1921) placed just below the soil surface (for additional information see Deere et al., 2006).
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and with data from other populations of the broadly
distributed, Antarctic species flock Cryptopygus antarcticus
(see Stevens et al., 2006a). Populations of the latter species
have been extensively investigated both at Signy Island and
Rothera Point (a more southerly, Antarctic Peninsula
location). At these locations, Tc distributions in Cryptopy-
gus antarcticus are strongly bimodal, unlike the case here
(compare Fig. 1 with the figures for this species provided by
Block, 1982b; Sømme and Block, 1982), and the Tcs in the
low group of the bimodal distribution tend to be lower by
several degrees than those found here. Nonetheless, in
some instances little difference exists between the Tc values
found for Cryptopygus antarcticus travei from Marion
Island and those found for populations from elsewhere in
the Antarctic (e.g. Cannon, 1983; Worland and Convey,
2001). In these cases the Antarctic populations were either
examined in late summer or had been subject to prolonged
acclimation at a relatively high temperature presumably
resulting in a shift in Tc away from the lower values more
typical of winter populations. In comparison with other
Antarctic species it is clear that the mean Tc of the
indigenous species examined here are relatively high. For
example, Cryptopygus sverdrupi from the continental
Antarctic has a Tc of c. 35 1C (Sømme, 1986b), whilst
those of Gomphiocephalus hodgsoni from the Ross Sea
region reach similarly low values (Sinclair and Sjursen,
2001). In Isotoma klovstadi (now Desoria klovstadi—see
Stevens et al., 2006b) another species from the Ross Searegion, summer low group Tcs may be as low as 35 1C
(Sinclair et al., 2006), and it is in this species that Pryor
(1962) reported overwinter survival of temperatures lower
than 50 1C. The mean Tc of Cryptopygus cisantarcticus
(c. 28 1C), a species also found in the Ross Sea region
(Sinclair et al., 2006), is several degrees lower than the
mean Tc values found for Cryptopygus antarcticus and
Tullbergia bisetosa. By contrast, Tullbergia antarctica
a species characteristic of the warmer, sub-Antarctic
Kerguelen Island has a Tc of c. 9 to 12 1C, much closer
to those recorded in the indigenous species in this study.
Particularly at the lower acclimation temperatures the
invasive species, with the exception of Ceratophysella
denticulata, had Tcs much higher than those found in the
indigenous species. The values found for P. flavescens are
similar to the lower lethal temperatures found in a related
European species, Tomocerus minor (van der Woude and
Verhoef, 1988). Differences in the Tcs of the indigenous
and invasive species probably account at least partly for the
restriction of the invasive species to lowland habitats, but
the wider occurrence of the indigenous species especially at
high elevations on the island (Barendse and Chown, 2001;
Gabriel et al., 2001; McGeoch et al., 2006). These
differences in distribution are also likely a consequence of
difference in desiccation tolerance responses to tempera-
ture in these species (see Gabriel et al., 2001; Slabber et al.,
submitted). However, repeated exposures to subzero
temperatures might also have differential effects on the
indigenous vs. the invasive species, but the effects of
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has not been extensively investigated (see Nedvĕd et al.,
1998; Renault et al., 2004 for a similar approach, but
examining the beneficial effects of high temperature
respites).
By the same rationale as that followed above, it appears
that the upper lethal temperatures are unlikely to be
exceeded in the invasive species, but that this might
occasionally occur in the indigenous species. In the latter,
ULT50s are in the vicinity of 30 1C, and, at least at some
sites, in some years, microhabitat temperatures can reach
this value (Table 5, see also Chown and Crafford, 1992). In
this regard it is noteworthy that whilst acclimation to
higher temperatures tended to improve the ULT50 in the
invasive species, in the indigenous species increasing
acclimation temperature either resulted in a decline in
(Cryptopygus antarcticus) or little change to the ULT50
(Tullbergia bisetosa).
Returning to the question of whether the indigenous and
invasive species show systematic differences in tolerances
and the response of upper and lower lethal limits to
acclimation, it is clear that this is largely the case. The
indigenous species tend to be more tolerant of low
temperatures and less tolerant of high temperatures,
although the invasive Ceratophysella denticulata is an
exception. In the case of acclimation effects, the response
of Tc tended not to differ among the two groups of species,
although the very strong negative response of Tc to higher
acclimation temperatures in P. flavescens means that at the
lower acclimation temperatures the Tcs of the indigenous
and invasive species differ, whereas such a distinction is less
clear at the higher temperatures. By contrast, the
ULT50 showed very different responses among the
indigenous and invasive species, with elevated acclimation
temperatures tending to increase ULT50 in the invasive
species, whilst having either the converse effect, or no
pronounced effect on the indigenous species. A similar
response of desiccation resistance to thermal acclimation
was found in these species, with resistance improving
following acclimation to high temperature in the invasive
species, but declining in the indigenous species (Slabber et
al., submitted). Thus, it seems likely that with ongoing
climate change at the island, which has already warmed by
more than 1 1C and lost more than 500mm mean annual
precipitation over the past 50 years (Smith, 2002), the
invasive species will be favoured over the indigenous ones.
This prediction has been borne out by manipulative field
experiments which have demonstrated that with warming
and drying the indigenous species decline substantially in
abundance, whereas the invasive species are little affected
(McGeoch et al., 2006). Thus, climate change is likely to
favour some invasive over indigenous springtails at
Marion Island, a finding partially in keeping with the
generalizations made in the literature on the likely
interactions between biological invasions and climate
warming (Dukes and Mooney, 1999; Walther et al., 2002;
Frenot et al., 2005).Acknowledgments
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